Abstract -Knowledge representation has been the critical and intractable issues for a knowledge-based system, especially for complex or large systems. This paper proposes a knowledge representation approach for modeling rule-based systems using the defined fuzzy colored Petri nets (FCPN). The main advantages of this approach differ from the conventional ones consist in modeling rule-based systems particularly, realizing smaller model spaces, more compact data structures and fuzzy information processing. For a large or complex rule-based system, the advantages are more evident. An instance demonstrates that the presented approach is feasible and practical.
I. INTRODUCTION
Knowledge representation have been the critical issues for a knowledge-based system [1] . Fuzzy production rule representation is one of the most popular knowledge representation methods because the natural way to express human knowledge and experience, and rules are relatively easy to be constructed [2, 3] . This method, however, fails to display the whole view and logic structure of a rule-based system, lacks the visual and dynamic reasoning ability, which are essentially necessary to promote reasoning efficiency and achieve reasoning automation. In contrast, due to the graphical display and the ability of dealing with imprecise and fuzzy information dynamically, fuzzy Petri nets (FPN) , which combine fuzzy set theory and Petri nets theory [4] , have been widely used in knowledge representation [5] [6] [7] [8] , fuzzy reasoning [5, [9] [10] [11] , and knowledge learning [12] . Unfortunately, with the increase of the complexity and scale of a system, the FPN model will become extremely large. This issue may be tiresome for modeling a small or middle-scale system, and it may be difficult to be dealt with for a large system because of the explosion of the model space. Due to the powerful compression ability of model spaces, colored Petri nets(CPN) [13, 14] might be a solution to this problem. Nevertheless, one of the defects of the conventional CPN fails to process the rule-based human knowledge with fuzzy terms or some degrees of uncertainties properly. Therefore, to overcome the above limitations, as an attempt, the combination of FPN and CPN, which called fuzzy colored Petri nets (FCPN), are thus considered as an alternative method for this study.
Recently, there has been great interest using FCPN for modeling [1, [15] [16] [17] [18] . For one, Rupesh Kumar [17] and his coworkers reported that Expert Enhanced Coloured Fuzzy Petri Net (EECFPN) was used to model a reconfigurable manufacturing system. D. Ben-Arieh et al. [16] proposed an enhanced expert high-level colored fuzzy Petri net (EEHLCFPN) for assembly operations. Both EECFPN and EEHLCFPN remain the critical advantages of FCPN, such as the model compression and fuzzy information processing. Thus, they can be viewed as the extension of FCPN. Poong Hyun Seong et al. presented that FCPN was utilized to classify software items of a nuclear instrumentation and control system [18] , model and analyze operating procedures in the system [15] , respectively. Though the approaches are very reasonable for modeling and analysis, they are a domain-specific method, and are not suitable for a rule-based system due to their simulation and analysis manners. A fruitful study was taken by Victor R.L. Shen [1] specializing in modeling and reasoning for rule-based systems. Though the author presented the detailed reasoning algorithm, the method would have been more practical if its modeling approach had been stated in detail.
To the best of our knowledge, knowledge representation using the FCPN theory for modeling a rule-based system has not been successfully exploited or opened in the existing literature. To resolve the above mentioned problems, in this study, an attempt exploiting a FCPN has been made for modeling rule-based systems. This approach is powerful for modeling a large or complex rule-based system due to its compressed model space and compact data structure as well as fuzzy information processing.
The main contribution of this research consists in providing a practical knowledge representation mechanism for a rule-based system using the defined FCPN. The proposed method is of evident advantage for modeling large or complex rule-based systems. The aim of using the defined FCPN rather 
II. PRELIMINARIES
In this section, we first present some basic definitions on fuzzy production rules (FPR), FCPN, and some related terms. Rule-based (If-Then rules) representation is one of the most popular knowledge representation methods [19] . In most cases, collecting data in a precise way is difficult, fuzzy production rules are thus adopted, which have the abilities of processing uncertain or incomplete knowledge [2, 8] [19] . Hence, inference rules are obtained in the form of FPRs.
A. Fuzzy Production Rules
Let R be a set of fuzzy production rules:
, and a fuzzy production rule i R is shown as follows [3, 10] . As addressed in [2] and [19] , fuzzy production rules can be classified into the types as follows:
Type 1 (A simple fuzzy production rule):
Where X and Y denote the linguistic variables in the rule, and x 1 
Type 3 (A composite anteced [9] ent fuzzy disjunctive rule):
If
Type 4 (A composite fuzzy consequent conjunctive rule ):
) denotes the weight of the corresponding proposition in a rule.
) denotes the truth degree of the corresponding proposition in a rule.
Since the rules of Type 5 can be transferred into several rules formed as Type 1 [2] , we will not discuss Type 5 rules in the following sections. Generally, complex or large rule-based inference systems can be formulated by the four basic types.
B. Fuzzy colored Petri nets (FCPN)
The FCPN is defined as a 8-tuple: In a graphic representation, a circle denotes a place, and a rectangle denotes a transition, while a token is drawn as a dark dot.
Even though the proposed FCPN definition is similar to those of [1] , [17] , and [18] , the meanings of some components are different from the existing ones. For instance, a place (related to P i ) represents a linguistic variable in the proposed FCPN, while it represented a kind of resource with certain similar properties in [17] and [18] . Another aspect is that the transition entry T i corresponds to one or several rules in a strict manner, which ensures the consistency of a rule set and the FCPN model. In contrast, reference [1] did not state clearly the mapping relationships between transition elements and rules. The aim of using the defined FCPN rather than the traditional ones is to model and inference rule-based systems more properly.
III. KNOWLEDGE REPRESENTATION ALGORITHM
Assume that there are n fuzzy production rules ) ,... 
Step4: Determine the colors of the places. Let 
Step6: Connect the components by arcs according to the relationships between places and transitions.
Step7: Go to Step 2.
Step8: Stop. Moreover, when deleting a rule, 1 − = n n , and delete the corresponding places and transition(s) in the model, linguistic variables in L , and corresponding colors related to the places in C . In the same manner, when adding a rule in the rule set, 1 + = n n , and then perform the above algorithm.
Through the rule-modeling algorithm, the rules in the rule set map the transitions in a strict manner.
The mapping models of partial components of FPRs and FCPN are shown in Fig.1 .
The arrow denotes the transformation of the corresponding components, and The circles represent the mapped places, and the dark dots denote the colors of places. The comparison results on knowledge representation between the previous studies and ours are shown in Table II .
IV. CASE STUDY
In this section, we show an instance to illustrate the application of the proposed algorithm.
Suppose that a fuzzy production rule set is listed as follows. The FPN model is shown in Figure 2 , and the FCPN model is presented in Fig.3 . The FPN model is composed of Net I and Net II. From the graphic view, the model space of FCPN is much smaller than that of FPN while modelling the same rule-based set. The data structures of FCPN models are compact, and easy to realize modelling automatically [20] . The numerical comparative results between the FPN and FCPN models are summarized in Table III . The FCPN model scale is reduced greatly, the information remains unchanged, and reasoning can be operated by matrix computation. The model compact ability of FCPN is a prominent advantage for modelling and reasoning large or complex rule-based systems.
V. CONCLUSION
In this study, we propose a knowledge representation approach for modeling rule-based systems using the defined FCPN. The main advantages of this approach differ from the conventional ones consist in realizing smaller model spaces, more compact data structures and fuzzy information processing while modeling rule-based systems. The comparative results are presented in Table II . A detailed modeling algorithm is given using the defined FCPN. The presented instance illustrates the proposed approach is valid and practical. 
